Human genome sequencing is the process by which the exact order of nucleic acid base pairs in the 24 human chromosomes is determined. Since the completion of the Human Genome Project in 2003, genomic sequencing is rapidly becoming a major part of our translational research efforts to understand and improve human health and disease. This article reviews the current and future directions of clinical research with respect to genomic sequencing, a technology that is just beginning to find its way into clinical trials both nationally and worldwide. We highlight the currently available types of genomic sequencing platforms, outline the advantages and disadvantages of each, and compare first-and next-generation techniques with respect to capabilities, quality, and cost. We describe the current geographical distributions and types of disease conditions in which these technologies are used, and how next-generation sequencing is strategically being incorporated into new and existing studies. Lastly, recent major breakthroughs and the ongoing challenges of using genomic sequencing in clinical research are discussed.
Introduction
Human genome sequencing, the process by which the exact order of nucleic acid base pairs in the 24 human chromosomes is determined, was the most significant technical challenge of the Human Genome Project. Completed in 2003, the 13-year project identified 20,000 to 25,000 genes and determined the sequence of the 3 billion chemical base pairs that make up human DNA as well as the regions that control them. Since then, improvements in sequencing speed, reliability, and cost have been the ongoing goals. Hence, genomic sequencing is rapidly becoming a major part of our translational research efforts to understand and improve human health and disease. With the numerous advances in genomic sequencing, there has been a dramatic increase in the number of clinical trials now using this technology to study key disease outcomes [1] .
The objective of this review is to familiarize the translational investigator with genomic sequencing technologies as they apply to clinical trials. We describe the currently available types of genomic sequencing platforms, outline the advantages and disadvantages of each, and compare first-and next-generation techniques with respect to capabilities, quality, and cost. To illustrate the recent impact and widespread movement of genomic sequencing into clinical and translational research, we provide a summary of the types and distribution of clinical studies that are using genomic sequencing to enhance the understanding of complex pathophysiology and identify important biomarkers of both rare and common diseases. We provide some key examples of clinical trials in which translational researchers are utilizing this technology to better identify and individualize the management of high-risk patients, and to achieve major breakthroughs in drug development.
Features of First-and Next-Generation Sequencing
So rapid are the advances in genomic sequencing technology that the methods are commonly referred to as first-and next-generation sequencing (NGS). Sanger sequencing, developed in the 1990s, was the earliest method used to sequence human DNA. In fact, it was Sanger technology that was used to sequence the human genome in the Human Genome Project. It is often referred to as "first-generation sequencing" because it revolutionized how a single lab could sequence millions (rather than thousands) of base pairs. Sanger sequencing is a multi-channel capillary approach that allows relatively rapid DNA sequencing. Even though the newer platforms are much faster and cheaper, Sanger sequencing remains in many respects the "gold standard" for smaller validation studies, and remains the only widely used platform that can sequence relatively long sequences of DNA-up to 1,000 nucleotides in length (Table 1) .
Several second generation sequencing technologies have emerged over the past ten years, including Roche 454, Illumina Genome Analyzer (GA), and Applied Biosystems (ABI) SOLiD. These platforms are able to generate more sequence and are substantially less expensive than the original Sanger methods (Table 1) . They can also handle more complex and smaller genomes, sequence mRNA, copy number variants (CNV) and single nucleotide polymorphisms (SNPs) to account for structural variations (Table 2 ). In addition to whole genome sequencing, NGS technologies have been successfully used in chromatin immunoprecipitation (ChIP)-sequencing to identify key binding sites of DNA-associated proteins, [2, 3] and RNA-sequencing for mammalian and human tissue transcriptomes. [4] [5] [6] Due to the cost-effectiveness and versatility of NGS as compared to first-generation sequencing, NGS approaches are poised to emerge as a dominant genomics technology in patient-oriented research. Specifically, there is considerable interest in employing NGS platforms for targeted sequencing of specific candidate genes and sequencing of SNPs identified through gene-association studies. With the declining cost of NGS technology, sequencing of the entire human exome in large numbers of individuals is now feasible and promising [7] [8] [9] . Table 1 summarizes the advantages and disadvantages of Sanger, Roche 454, Illumina, and SOLiD platforms [10] . It is important to note that there is no single platform that is ideal for every application, and therefore, all four of these platforms are still widely used. With the lower cost and more rapid turnover of the Illumina and SOLiD platforms, the capacity for read length is limited. Nevertheless, the rapid adoption of genome sequencing has been fueled by rapid dropping of cost, and this may be the main determining factor in which platforms are used for any given clinical trial. The commercial price of a whole genome sequencing declined from more than $50,000 in 2009 to less than $5,000 in 2011 [7, 11] . It is anticipated that full genome sequencing will soon cost less than $1,000 [12] . Translational investigators can anticipate ongoing improvements in the existing technologies, and the emergence of newer approaches to offset cost while improving both accuracy, read length, and turnover [13] . For example, Pacific Biosciences released the first "third generation" sequencer this year, which incorporates novel, single-molecule sequencing techniques and advanced analytics. This system can deliver read lengths of > 1,000 bases on average, with results obtained in less than a day, as compared to the current second-generation turnaround of > 1 weeks [14] .
Genomics in Human Disease: Whole, Exome, and Transcriptome Sequencing
There are currently three widely adopted approaches to sequencing: whole genome, exome, and transcriptome sequencing. The specific approach being used for any given study will determine which NGS platform is used. For example, due to its significant expense, whole genome sequencing, in which the entire genome is sequenced, is an arduous and costly methodology to adopt. However, for collecting large amounts of DNA sequence data from individual human subjects, the more expensive Sanger sequencing is still widely used because of its capacity for longer read lengths [15] . An important limitation, however, is the extremely large sample size required to provide adequate power for data analysis in most whole genome studies. Therefore, more cost-efficient methods are needed and the scope of these studies is often driven by the availability of resources and funding. Whole genome and also exome sequencing (in which only the transcribed regions of the genome are sequenced) both attempt to find polymorphisms that may predict drug outcome or explain mono-genic disorders. At the other end of the spectrum, transcriptome sequencing detects gene expression changes and may be used to identify the effects of a drug on patients (pharmacogenomics). For these types of studies, NGS is now rapidly replacing microarray expression analysis, given the capacity of NGS platforms to sequence more complex and smaller genomes [16] .
Recent whole genome studies have used NGS to gain insight into genomic markers of disease. An excellent example using whole genome sequencing was reported by Mardis et al, in which 12 somatic mutations within coding sequences and 52 somatic point mutations in conserved regions of patients with acute myeloid leukemia (AML) were identified [17] . Investigators were able to identify two common genetic variants previously linked with AML and two novel markers, one of which was in a non-coding region which demonstrated regulatory potential. Without sequencing the entire genome, investigators may not have understood the influence of non-coding regions on regulatory function in AML, highlighting a potential benefit of this approach. Other more recent areas with promising breakthroughs using whole-genome sequencing include: the development of targeted chemotherapies for lung adenocarcinoma, single-step capture and sequencing of natural DNA for the detection of BRCA1 mutations, and the identification of MYO1E mutations in childhood familial focal segmental glomerulosclerosis. [18] [19] [20] Exome sequencing has been used to gain insight and determine genetic abnormalities in congenital defects. This approach has been favored for a number of reasons. First, this technique requires only about 5% as much sequencing as a whole genome. In total, there are about 180,000 exons found in the human genome. It is estimated that the protein coding regions of the human genome constitute about 85% of the disease-causing mutations. A pivotal study reported in 2006 identified a point mutation in Freeman-Sheldon Syndrome [21] . After excluding common variants using HapMap, investigators identified the MYH3 gene mutation by sequencing four individuals with the disease. Since then, exome sequencing has been used as a popular approach to identify rare Mendelian disorders [22] [23] [24] . These breakthroughs have led to the more widespread use of exome sequencing to study and identify specific mutations in more common complex diseases such as breast cancer, [25] familial lipid disorders, [26, 27] Parkinson's Disease, [28, 29] and autism spectrum disorder [30, 31] . Transcriptome sequencing encompasses experiments including small RNA profiling and discovery, mRNA transcript expression analysis (full-length mRNA, expressed sequence tags and ditags, and allele-specific expression) and the sequencing and analysis of fulllength mRNA transcripts. Transcriptome investigation has included the areas of novel gene discovery, gene space identification in novel genomes, assembly of fulllength genes, SNPs, and insertion-deletion and splicevariant discovery. Transcriptome sequencing has evolved as a robust technique for evaluating gene expression changes from either healthy individuals who develop disease, or within diseases themselves, such as breast cancer and malignant metastases within the same patient [32] . One application of this technology involved a study of lobular breast carcinoma, in which researchers found 32 somatic non-synonymous coding mutations present in the metastasis, and measured the frequency of these somatic mutations in DNA from the primary tumor of the same patient, which arose 9 years earlier. Five of the 32 mutations (in ABCB11, HAUS3, SLC24A4, SNX4 and PALB2) were prevalent in the DNA of the primary tumor removed at diagnosis 9 years earlier; six (in KIF1C, USP28, MYH8, MORC1, KIAA1468 and RNASEH2A) were present at lower frequencies (1-13%); 19 were not detected in the primary tumor, and two were undetermined [33] . The combined analysis of genome and transcriptome data revealed two new RNA-editing events that recode the amino acid sequence of SRP9 and COG3. Taken together, these data show that transcriptome sequencing was useful in identifying single nucleotide mutational heterogeneity, which can be a property of low or intermediate grade primary breast cancers, and that significant evolution can occur with disease progression. Most recently, researchers have used transcriptome sequencing approaches to identify functional microRNA involved in endometriosis, and diagnostic and prognostic signatures from the small non-coding RNA transcriptome in prostate cancer [34] [35] [36] .
Distribution of Clinical Trials using Genomic Sequencing
Perhaps the best resource for identifying and tracking the growing number of studies now using genomic sequencing is ClinicalTrials.gov [37] . This website is a registry of federally and privately supported clinical trials (experimental and observational) conducted in the United States and around the world. Since 2007, the Food and Drug Administration mandated registration and results reporting for clinical trials of drugs, biologics, and devices (US Public Law 110-85). Based upon our recent search of the website (July 2011) there were 35 registered studies in which "genomic sequencing" was included in the protocol as either a primary or secondary outcome measure. Eighteen of these studies are actively recruiting patients and six have reportedly been completed. Figures 1 and 2 show the worldwide and U. S. distributions of studies involving genomic sequencing that are currently reported on ClinicalTrials.gov. The majority of these are concentrated in the U.S. (20 studies), followed by Europe (9 studies). The highest concentrations of U.S. trials are based in California and Maryland. Clusters of activity appear to be dependent upon the types of research centers located within major academic institutions, but this is not necessarily true for all states.
Types of Clinical Studies
There is a wide range of studies that are now utilizing genomic sequencing technology. The list of conditions and diseases involved is a clear indicator of the growing interest in understanding the role of genetic predisposition in human disease. According to ClinicalTrials.gov, genomic sequencing technologies have been incorporated into studies on 16 categories of disease conditions. Table 3 lists these categories and examples of associated conditions. There is significant overlap, such that the majority of studies fall under the three most generalized categories involving blood/lymph, cancers/neoplasms, and immune system diseases. The studies most representative of the movement towards genomic sequencing research are those involving cancer biomarker research, including adulthood and childhood leukemias/lymphoma, congenital syndromes and central nervous system disorders, HIV/AIDS research, and associated drug developments.
According to our search, there were six recently completed clinical studies that have proposed genomic sequencing as an outcome measure at the time of this review. In France, an observational study of molecular and metabolic markers in oligodendrogliomas was recently completed with tumor collection from 189 pediatric and adult patients (NCT00213876). Researchers will use these tumor samples to identify diagnostic molecular and metabolic markers that could be used as a signature to characterize benign versus more aggressive tumor histologies. Genomic sequencing and serial analysis of genomic expression results will be correlated to survival and clinical features of oligodendrogliomas, medulloblastomas, and gliomas. A recently completed epidemiological study on the distribution of insulin-like growth factor-1 (IGF-1) deficiency in children with idiopathic short stature will investigate candidate genes and DNA changes that are potentially associated with short stature. DNA regions identified during genome-wide scan will be further mapped at higher resolution using DNA-sequencing (NCT00710307).
Genomic sequencing has also been incorporated as a secondary outcome measure in a few recently completed experimental studies: Investigators in France conducted an open label trial to evaluate the biological effect of Tarceva for patients with epidermoid carcinoma. A frozen tissue bank was generated for genomic sequencing study of tumorous epidermal growth factor receptor (EGF-R) structure and for modification of in situ gene expression induction with the drug by RNA microarray technology (NCT00144976). In an international phase II trial of Lapatinib in patients with relapsed or refractory inflammatory breast cancer, researchers will study tumor cell growth and survival by quantitative immunohistochemistry and by direct and genome-wide methods (e.g., direct sequencing and DNA microarray) in tumor tissue collected prior to and following 28 days of lapatinib monotherapy (NCT00105950). In the Dominican Republic, a Phase III randomized, double-blind, placebo-controlled study was completed in 2008 (200 infants) to investigate horizontal transmission of human rotavirus vaccine strain (Rotarix) (NCT00396630). Investigators are using genomic sequencing to analyze mutations in the vaccine strain after transmission.
Thirteen of the 35 studies were designed with genomic sequencing results as a primary outcome measure ( Table 4 ). The most recently registered trial by the Eunice Kennedy Shriver National Institute of Child Health and Human Development (NICHD) will allow for exomic sequencing of participating NICHD patients and their family members. Included in this study are probands that are enrolled in an NICHD clinical protocol for which there is a suspicion of an underlying genetic cause for a disease for which they are being evaluated. Many other studies are capitalizing on up-andcoming NGS technology, including feasibility and pilot studies of solid tumors and leukemias, and whole genome sequencing studies for a wide array of congenital disorders, cardiovascular diseases, hematologic conditions and endocrine disorders. What is common in the diseases being studied is the potential for improved outcome with earlier diagnosis and treatment. Hence, translational researchers are recognizing the potential of genomic sequencing technology as an important diagnostic and screening tool in the clinical setting.
Largest U.S. Patient Samples
There are a few large-scale epidemiological studies that have begun to incorporate genomic sequencing as a major part of their observations. For example, the largest U.S. sample registered at the time of this review, sponsored by the National Cancer Institute (NCI), has enrolled 3,000 patients to study gene expression of lymphoma, leukemia, and multiple myeloma (NCT00339963). In this trial, DNA sequencing methods are being used to analyze base changes in the genome of the cancer cells. While there are Multiple congenital anomalies, Cardiovascular Anomalies/Congenital Heart Disease, Inborn Diseases, Hemoglobinopathies, Neurocutaneous Syndromes, Neurofibromatoses several reports that have described the sequencing of whole genomes from a few patients, the much larger number of cases in this trial will allow researchers to identify biologically relevant patterns in humans [33, [38] [39] [40] [41] . The National Human Genome Research Institute (NHGRI) has enrolled 2,000 patients to examine genomic sequencing in clinical research on coronary artery disease (ClinSeq, NCT00410241). Researchers will start by sequencing about 400 genes related to heart disease, with the eventual goal of sequencing most or all of participants' genes. The National Institute of Allergy and Infectious Disease (NIAID) has enrolled 1,200 patients to develop diagnostic tests for community acquired pneumonia (CAP) and septic shock (NCT00258869). In this study, advanced bioinformatic, metabolomic, and proteomic approaches will be used with mRNA sequencing to identify protein changes in blood samples that predict outcomes in sepsis and CAP.
Ethical and Computational Challenges in Translational Medicine
As the cost of NGS technology is becoming less of a limitation, several inherent challenges remain that must not be overlooked. Of utmost relevance to the translational investigator are the ethical, legal and social issues surrounding genomic sequencing. In a recent study conducted by Allen and Foulkes, 30 cancer genome sequencing studies were assessed to evaluate how these issues are being handled across different jurisdictions [42] . While they found a high degree of similarity in how cancer researchers engaged in these studies were protecting participant privacy, there were no consistent means across these studies for re-contacting participants, or for returning results and facilitating participant withdrawal. There was a strong trend towards both using samples for additional, unspecified research and sharing data with other investigators. Given the unique nature of genomic sequencing research, individuals and groups engaging in NGS clinical trials may benefit from human subjects training in these specific areas. However, it is apparent that better-defined consensus standards are still needed both nationally and internationally to prepare the growing number of researchers in this field [43, 44] .
With the vast amounts of high-quality, complex data now being processed through NGS, an ongoing challenge for translational researchers remains: How do we deal with the computational complexities of analyzing this data? NGS can miss parts of the genome that may be clinically important. It detects mainly small polymorphisms, though it could be used to detect larger copy number variations. Multiple comparison and sample size issues remain an ongoing problem. In general, the computational complexities of properly handling genomic sequencing data have lagged behind the development of the technology. Such challenges may only be addressed through the development of innovative bioinformatic approaches, and through strategic collaboration and knowledgeable study design and implementation by translational investigators. Computerized technological advances are rapidly becoming in high demand [45] . Two promising areas that are being used to bridge the gap between genomics and the bedside are the development of biologically and medically focused text mining algorithms and the integration of the electronic medical record (EMR). Both may speed the process of collection and analysis of structured data. However, these methods require further development and ongoing validation, especially before applying the information in the clinical setting.
Conclusion
In summary, rapid advances in genomic sequencing have paved the way for the incorporation of NGS into clinical applications. With NGS technology there is much improved cost-effectiveness and more rapid turnover, two critical success factors that are highly appealing to clinical and translational investigators. In the past, studies that implement gene sequencing have been concentrated around major academic institutions, but this is not expected to continue in the future. With more readily available and cost-effective markets now capitalizing on complete human genome sequencing and analysis as an outsourced service, the use of this technology is likely to become more automated, with significant impact on national and international economies [46] . As illustrated in this review, there is an increasing use of genomic sequencing in the U.S. and worldwide, with a wide range of disease conditions now studied that may soon replace microarray approaches in the new era of bioinformatics. Since these technological approaches are highly applicable for both rare Mendelian and well as more complex and common diseases, the future of genomics is promising.
